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Retarding grid and Fourier transform ion cyclotron resonance (FI’lCRl mass spectrometry 
variable trap potential measurements are performed to determine factors that contribute to 
the kinetic energy distribution of ions formed in an electrospray source that uses a heated 
capillary for desolvation. The control of ion kinetic energies is achieved by manipulating the 
skimmer position in the postcapillary expansion and by varying the potential applied to the 
skimmer. The selective generation of either charge-dependent or charge-independent ion 
energy distributions is demonstrated. Charge-dependent energy distributions of electro- 
sprayed ions are created by sampling ions near the Mach disk of the supersonic expansion 
and by using a larger diameter skimmer orifice; the FI’ICR spectra acquired under these 
conditions exhibit mass-to-charge ratio-dependent mass discrimination determined by the 
potential used to trap the ions. Charge-independent energies of electrosprayed ions are 
created by positioning the capillary adjacent to the skimmer to sample thermal ions and by 
using a smaller skimmer orifice to reduce expansion cooling; under these conditions ion 
kinetic energy is determined primarily by the skimmer potential and no mass-to-charge 
ratio-dependence is observed in the selection of optimum FIICR trapping conditions. The 
ability to select between proteins of different conformation on the basis of kinetic energy 
differences is demonstrated. For example, a 0.4 V difference in trap potential is observed in 
the selective trapping of open and closed forms of the -t 10 charge state of lysozyme. Finally, 
it is demonstrated that by operating the source under conditions which deliver a beam of 
ions with charge-independent energies to the cell, it is possible to obtain precursor and 
product ion signal magnitudes in FTICR spectra without charge-dependent mass discrimina- 
tion. f] Am Sot Mass Specfrom 1994, 5, 221-229) 
T here is a recent interest in better understanding and controlling the distribution of ion kinetic energies in electrospray ionization (ES11 mass 
spectrometry, both as a means to achieve charge- or 
compound-dependent selectivity in delivering electro- 
sprayed ions to the mass analyzer [l-31, and also as a 
means to improve sensitivity in ion trap mass analyz- 
ers [4-H]. For example, in Fourier transform ion cy- 
clotron resonance (FTICR) mass spectrometry, the elec- 
trospray ions must be captured in the trapped ion cell 
prior to detection, a process that requires the potential 
well depth established between the trapping electrodes 
to exceed the maximum ion kinetic energy per unit 
charge of the electrospray ion in the cell [ 121. Optimum 
FI’ICR performance is achieved when the trapping 
electric field is small, typically fractions of a volt per 
centimeter, corresponding to a trap potential of a few 
volts for cells of standard size and geometry. Thus, for 
the ITICR detection of electrospray ions to be success- 
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ful, the ions must either possess a kinetic energy of a 
few electron volts per elementary charge upon exiting 
the source or be decelerated prior to arrival at the cell. 
These conditions have been achieved and ESI/FlKR 
is now widely demonstrated [5-111. 
The coupling of high pressure external ion sources 
to FTlCR is generally accomplished with an interface 
that combines multiple stages of differential pumping 
with ion injection optics designed to guide the ions 
across the magnetic field gradient and into the cell 
[13-201. Because injection efficiency improves with an 
increase in the forward kinetic energy of the externally 
formed ions, large external fields often are used to 
increase ion velocity. However, it then becomes neces- 
sary to decelerate ions prior to capture [Ml. Altema- 
tively, quadrupolar lens assemblies are used to guide 
ions through the fringing magnetic field at lower ki- 
netic energies [lo]. With either approach to ion mjec- 
tion, the consequence of additional focusing optics is 
that the ion kinetic energies derived from the electro 
spray source are convoluted with contributions from 
subsequent electric fields and a broadened kinetic en- 
ergy distribution arrives at the cell. For example, the 
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kinetic energy distributions for electrospray ions 
formed in external sources and transmitted to the cell 
include near-gaussian profiles of 15 eV/q and a full 
width at half maximum (FWHM) of 12 eV [lO] or 8 
eV/q and an FWHM of 3 eV [ll]. The resulting in- 
crease and broadening of the kinetic energy distribu- 
tion does not preclude the acquisition of high resolu- 
tion and high sensitivity spectra, but trapping effi- 
ciency is reduced and selectivity advantages [3] de- 
rived from a more precise control of the kinetic energy 
suffer. 
As an alternative to the external source configura- 
tions described above, we have coupled ES1 to FTICR 
with the spray formed in the strong magnetic field 
within a few centimeters of the cell [8, 91. Two advan- 
tages with respect to transfer of ions to the cell are that 
the magnetic field gradient is not encountered and the 
radial kinetic energy of ions exiting the spray is con- 
fined by the magnetic field. Consequently, elaborate 
focusing of ions to effect efficient transfer to the cell is 
unnecessary, and instead ions arrive at the cell with a 
kinetic energy distribution representative of electro- 
spray source parameters. 
In our source design the total ion kinetic energy is 
derived from two controllable contributions: the flow 
dynamics in the spray and the electric field generated 
by applying a potential to the skimmer. These are 
expressed as the first and second terms, respectively, 
in eq 1 which predicts the optimum FTICR trapping 
potential, VtraP, for maximizing the number of ions 
retained in the cell [3]. 
V tiap = C(Av2/2eNm/z) t KeffVskim (1) 
In the first term, C is a conversion factor in electron 
volts per joules, A is a conversion factor in atomic 
mass units per kilogram, v is the ion velocity in the 
expansion, e is the elementary charge in Coulombs, m 
is the mass in kilograms, and z is the number of 
elementary charges. In the second term, K,, is the 
correction factor for the effective field experienced by 
the ions and Vst,,,, is the potential applied to the 
skimmer. It is important to note that in eq 1 the kinetic 
energy derived in the first term from the gas expansion 
is mass-to-charge ratio-dependent in contrast with the 
kinetic energy derived in the second electric field term 
which is mass-to-charge ratio-independent. From eq 1 
the relative contribution of each energy term is ob- 
tained by plotting the optimum trapping potential for 
each charge state. The expansion contribution to the 
ion velocity is obtained from the slope, and the effec- 
tive electric field experienced by the ions is obtained 
from the y-intercept. 
In this article we intend to demonstrate that full 
control of electraspray ion kinetic energy is achieved 
by manipulating the ion skimmer orifice diameter, the 
skimmer position in the postcapillary expansion, and 
the potential applied to the skimmer. Ion populations 
with either charge-dependent or charge-independent 
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energies may be selectively generated and delivered to 
the mass analyzer for detection. 
Experimental 
All mass spectra and kinetic energy data were ob- 
tained with an FTICR mass spectrometer coupled to an 
ES1 source. Details of the spectrometer configuration 
and the ES1 source are presented elsewhere 13, 8, 91. 
Briefly, the spectrometer included a 3.0 T magnet with 
four concentric vacuum chambers of increasing diame- 
ter extending into the high-field region of the magnet. 
Electrospray ionization was performed by applying a 
potential of 3.7 kV to the 100 pm i.d. blunt-ended 
syringe needle. The syringe needle was positioned 6 
mm from the 500 Km i.d. desolvating capillary, 20 cm 
in length, which was biased to 330 V and resistively 
heated to 2 105 “C by an applied current of 2.2 A. 
Presented in Figure 1 are two separate configura- 
tions of the spray and skimmer assembly with indi- 
cated pressure readings at various capillary-skimmer 
distances. In Figure la, the electrospray source fea- 
tures a skimmer with a 500 pm diameter orifice. The 
capillary-skimmer region of this arrangement is 
pumped to 8 torr. In Figure lb, the elechospray source 
features a reduced skimmer orifice of 250 /Lrn and is 
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Figure 1. Electraspray source configurations: (a) older design 
with 500 pm diameter skimmer used to promote charge- 
dependent electrospray ion beams and (b) newer design with 250 
/urn diameter skimmer used to promote charge-independent elec- 
trospray ion beams. 
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pumped to a pressure of 14 torr in the roughing 
region, In both cases the post&miner region was 
pumped by an 1100 L/s cryopump to pressures in the 
10m5 torr range. The last stage of differential pumping 
was achieved by using both a 1200 L/s diffusion 
pump and a 900 L/s diffusion pump, reducing pres- 
sures to the low lo-’ torr range. An elongated trapped 
ion cell [X-23] with x, y, and z dimensions of 5 
cm x 5 cm x 10 cm, respectively, and 90% transmis- 
sive mesh trap plates was positioned in the analyzer 
chamber to collect ions for FTICR detection. Finally, a 
solid collector plate was positioned 5 cm beyond the 
back trap plate and used in conjunction with it to 
obtain retarding grid data. 
Electrospray parameters. Solutions were fed to the sy- 
ringe needle through a 22-gauge Teflon tube that was 
connected to an Isco-500 (Isco Inc., Lincoln, NE) mi- 
croflow syringe pump delivering a flow rate of 4 
pL/min. Solutions were prepared by dissolving the 
sample in an aqueous solution of acetic acid and then 
diluting with methanol to achieve a final solution 
concentration of 5 to 10 pmol/FL in a solution with a 
volume ratio of 30:68:2 H,O-MeOH-HOAc. Horse heart 
myoglobin (molecular weight 16,951), cytochrome c 
(molecular weight 12,360), bee venom melittin fmolec- 
ular weight 2845), and chicken egg white lysozyme 
(molecular weight 14,305) were used as obtained from 
Sigma Chemical Co. (St. Louis, MO). 
Data acquisition. Data acquisition and processing were 
accomplished with a Nicolet (Madison, WI) 1280 com- 
puter running Extrel FIMS software version 6.0 (Ex- 
trel, Madison, WI). Careful control of skimmer and 
trap electrode potentials was essential, therefore exter- 
nal power supplies were used. A pulse sequence was 
written to permit the injection of electrospray ions 
during a 500 ms accumulation period. A 1 s cooling 
time preceded the swept excitation event and broad- 
band detection. 
In our experiment the trap plate potentials were 
held constant as ions with sufficient kinetic energy to 
overcome the first potential barrier were trapped in the 
potential well [12]. Among the mechanisms suggested 
by which ions could be trapped in the cell are 
ion-neutral collisions, deshielding in the cell of ions 
entrained in the ion beam [24], and the redirection of 
ion trajectories so as not to encounter potential depres- 
sions at the trap plates. In earlier electrospray work we 
demonstrated that collisional deceleration is the pri- 
mary vehicle for trapping electrospray ions [f?], which 
indicates that only those ions with a kinetic energy 
upon approaching the cell that is slightly in excess of 
the trapping potential will be captured. FTICR trap- 
ping profiles were used to display the ion signal inten- 
sity at different trapping potentials. Previously, Freiser 
and co-workers [25] and Dunbar and Weddle [26] 
demonstrated that variable trapping profiles could be 
used to measure the kinetic energy distribution of ions 
formed in the cell. We observe close overlap between 
FIICR trapping and retarding grid profiles in our 
experiment and conclude that variable trapping also 
can be used to measure kinetic energy distributions for 
certain types of external ion injection. These data will 
be the subject of another article. 
For retarding grid measurements, the front trap 
plate was grounded and a variable potential was ap- 
plied to the rear trap plate while a Keithley (Cleve- 
land, OH) Model 602 electrometer measured current 
on the collector positioned behind the cell. The kinetic 
energy distribution of the electrospray ions was then 
determined by taking the absolute value of the first 
derivative of collector current with respect to retarding 
grid voltage. 
Results and Discussion 
A variety of electrospray sources are demonstrated in 
the literature, each with unique kinetic energy charac- 
teristics defined by specific features of the source de- 
sign [27, 281. We generalize these electrospray source 
designs to be of either a Chait-type or Ferm-type source. 
In the Chait-type source, desolvation of the multiply 
charged ion population occurs in a heated capillary, 
and a large rough pump is typically employed at the 
capillary terminus to achieve a postcapillary pressure 
in the low torr region [29]. In contrast, the Fenn-type 
source uses a collision gas for desolvation [30], and a 
large diffusion pump is used at the spray needle termi- 
nus to reduce the postneedle pressure to 10m5 torr. 
An important consideration in the sampling of elec- 
trosprayed ions is the length of the free-jet expansion 
from the expansion orifice to the position of the Mach 
disk. This length is dependent upon the orifice diame- 
ter, the pressure in the capillary region prior to the 
orifice (Pa), and the pressure after the orifice (P,). If the 
orifice diameter or the pressure ratio (I’,#‘,) increases, 
the expansion length increases. As molecules proceed 
from the expansion orifice to the Mach disk, they 
undergo collisions and become rotationally and vibra- 
tionally cooled as a narrow velocity distribution is 
generated [31]. The magnitude of the molecular cool- 
ing depends upon the length of the supersonic expan- 
sion and the number of collisions. An examination of 
the supersonic beam literature suggests the Chait 
source is similar to the Campargue-type supersonic 
beam [32] which used a large rough pump positioned 
after the nozzle to achieve pressures in the torr range. 
Consequently, the free-jet Mach disk is only a few 
centimeters beyond the expansion nozzle. In contrast, 
for the Fenn-type source the Mach disk for the free-jet 
expansion is on the order of tens of centimeters from 
the nozzle and greater cooling of the electrosprayed 
ions in the supersonic expansion should be possible 
r331. 
In constructing our ES1 mass spectrometer, we found 
the Chait-type source to be attractive because the 
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desolvating capillary is compatible with our probe- 
mounted electrospray interface. The additional gas load 
of the countercurrent gas is avoided and the reduced 
size of the nozzle-skimmer assembly matches the 
restrictive geometric considerations associated with 
operation in the magnet bore. For this reason we con- 
fine our evaluation of electrospray source ion kinetic 
energy to the Chait-type. 
80 
Comparison of kinetic energy distributions. As the re- 
sults will show, we distinguish two regimes for sam- 
pling ions that exit the capillary. ln one regime, ion 
acceleration in the expansion is the major contribution 
to the ion kinetic energy, creating a charge-dependent 
energy distribution. Charge-dependent energy distri- 
butions of electrosprayed ions are obtained by sam- 
pling ions near the Mach disk of the supersonic expan- 
sion and by using a larger diameter skimmer orifice; 
the FTICR spectra acquired under these conditions 
exhibit charge-dependent mass discrimination deter- 
mined by the potential used to trap the ions. In the 
other regime, ion acceleration in the electric field of the 
skimmer is the major contribution to the ion kinetic 
energy, creating a charge-independent energy distribu- 
tion Charge-independent energies are generated by 
positioning the capillary adjacent to the skimmer to 
sample thermal ions and by using a smaller skimmer 
orifice to reduce expansion cooling; under these con- 
ditions ion kinetic energy is determined primarily by 
the skimmer potential and no mass-to-charge ratio- 
dependence is observed In the selection of optimum 
FTICR trapping conditions. The ability to maneuver 
between these distinct sampling regimes provides an- 
other degree of freedom in customizing the electro- 
spray experiment for a particular application. 
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Figure 2. First derivative plots of retarding grid measurements 
for electrosprayed cytochrome c with a 3 mm distance between 
capillary and skimmer: II, profile for 15 V skimmer potential and 
500 pm diameter skimmer orifice; A, profile for 5 V skimmer 
and 500 pm diameter skimmer orifice; 0, profile for 15 V 
skimmer potential and 250 +rn diameter skimmer orifice; m, 
profile for 5 V skimmer and 250 pm diameter skimmer orifice. In 
all measurements the front trap plate was grounded, a variable 
potential was applied to the second trap plate, and current was 
measured on a solid plate positioned 5 cm behind the cell. 
the expansion is obtained from the slope and the 
effective electric field experienced by the ions is ob 
tamed from the y-intercept. Any kinetic energy contri- 
bution from gas dynamics should be distinguished by 
a nonzero slope, because as the contribution from the 
expansion increases, the trapping potential will have a 
greater dependence upon the charge state of the ion. 
The data in Figure 3 indicate not only that gas dynam- 
ics contribute to kinetic energy, but also that the extent 
The comparison kinetic energy profiles in Figure 2, 
acquired from retarding grid measurements of cy- 
tochrome c for different skimmer orifice diameters and 
skimmer potentials in a Chait-type electrospray source, 
provide evidence of the differences in sampling. As 
expected from eq 1, the kinetic energy varies propor- 
tionally with V,,. More interestingly, there is a dif- 
ference in K, that is dependent upon skimmer orifice 
diameter. Ions exiting the 500 pm diameter skimmer 
exhibit an average kinetic energy that is approximately 
30% of the skimmer potential, whereas ions exiting the 
250 pm diameter skimmer exhibit a kinetic energy 
that is about 60% of the skimmer potential. Another 
interesting feature of the profiles in Figure 2 is that as 
the applied skimmer potential decreases, the kinetic 
energy distribution narrows. 
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The relative contributions to ion velocity and kinetic 
energy from gas expansion dynamics and effective 
electric field are demonstrated with the data in Figure 
3. The data sets for three different combinations of 
skimmer orifice and sampling distance are plotted for 
the optimum FTICR trap potential for ESI/FTICR 
spectra of individual charge states of cytochrome c. 
According to eq 1, the ion velocity contribution from 
Figure 3. The expansion contriiution to ion velocity (Vel) and 
the effective electric field potential WeHI are calculated from 
optimum trapping potentials for individual charge states of cy- 
tochrome c with an 11 V skimmer potential: A, using Figure la 
interface with a 500 pm skimmer diameter and capillary-skimmer 
distance (D,,) of 10.5 mm, Vel = 900 k 39 m/s. Vert = 0.8 k 1.3 
V; 0, using Figure lb interface with a 250 pm skimmer diameter 
and DC, of 9.0 mm, Vel = 648 x! 80 m/s, V,, = 5.5 1 0.7 V; n , 
using Figure lb interface with a 250 pm skimmer diameter and 
D,, of 4.5 nun, Vel = 207 * 89 my%, v.rr = 7.5 f 0.7 v. 
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of the contribution can be controlled through judicious 
control of instrumental parameters. For example, by 
using the larger 500 pm skimmer orifice and position- 
ing the skimmer near the Mach disk, both of which 
promote a supersonic expansion, an estimated velocity 
of 900 m/s is determined for the cytochrome c ions. In 
contrast, by using a 250 pm skimmer diameter and 
positioning the capillary closer to the skimmer, the 
velocity achieved by the ions in the expansion could be 
systematically reduced, with a calculated value of 207 
m/s shown in Figure 3. 
The data in Figure 3 also demonstrate that protein 
ions obtain higher velocities as the capillary-skimmer 
distance is increased. This phenomenon can be at- 
tributed to the properties of the free-jet expansion. All 
molecules that exit the capillary exhibit a thermal 
kinetic energy that is dependent upon the temperature 
of the capillary. At the onset of the expansion the 
solvent molecules, water and methanol, and the large 
molecular weight proteins all exit the capillary with 
equivalent energies but different velocities. Over the 
course of the expansion, the small molecules achieve 
only a small increase in velocity, but the large protein 
molecules must undergo a substantial increase in ve- 
locity. Figure 3 demonstrates that at a capillary- 
skimmer distance of 9.0 mm, sampling occurs after 
ions have traveled a greater distance in the expansion 
and hence obtain a larger protein velocity of 648 m/s. 
In contrast, the earlier sampling at a capillary-skimmer 
distance of 4.5 mm does not promote the supersonic 
expansion and protein velocities drop to 207 m/s. 
Interestingly, as the mass-to-charge ratio-dependent 
expansion contribution to ion velocity decreases, the 
mass-to-charge ratio-independent effective electric 
field contribution to ion velocity increases. The data in 
Figure 3 indicate that it is possible to select experimen- 
tal conditions that generate either a charge-dependent 
(v = 900 m/s, V,, = 0.8 V) or a charge-independent 
(v = 207 m/s, V, = 7.5 V) kinetic energy distribution 
of electrosprayed ions. 
The total kinetic energy of a trapped ion can be 
determined from eq 2, 
W, = C(mvz/2) + ze(K,,V,,) (2) 
where the first term is the kinetic energy in electron 
volts obtained in the expansion, and the second term is 
the kinetic energy in electron volts obtained from the 
effective electric field of the skimmer. For example, 
when the 250 ,um skimmer interface is used in con- 
junction with a 9.0 mm capillary-skimmer distance, the 
+12 charge state of cytochrome c is trapped at a trap 
potential of approximately 7.7 V. Therefore, the total 
kinetic energy of the ion is approximately 92.4 eV. The 
kinetic energy of the ion in the expansion is dependent 
upon the velocity obtained in the expansion. With a 
velocity of approximately 64.8 m/s in the expansion, 
the energy obtained in the expansion is 26.9 eV. Be- 
cause K,, X V,, = V,, and is determined to be ap- 
proximately 5.5 V, the energy obtained in the effective 
electric field of the skimmer is about 66.0 eV. 
Charge-independent ion kinetic energies. A more de- 
tailed study of FTICR ion trapping characteristics with 
the 250 Km skimmer orifice was conducted. Presented 
in Figure 4 are retarding grid profiles of horse myo- 
globin at different skimmer potentials for a constant 
capillary-skimmer distance of 4.5 mm. We observe 
experimentally that Keff is independent of skimmer 
potential at a fixed capillary-skimmer distance. For 
example, in Figure 4 the electrospray ions exhibit 2.75 
eV of kinetic energy when a 5 V skimmer potential is 
applied and, in general, K,, is approximately 0.55 for 
each of the skimmer potentials applied. 
Measurements were next performed to determine 
with more detail the effect of sampling at different 
capillary-skimmer positions. Earlier work with this in- 
terface indicated that adjustments of even fractions of 
a millimeter would significantly alter FTICR spectral 
magnitude. This is understandable because an estima- 
tion of the Mach disk position for this Campargue-type 
expansion is on the order of only a few centimeters 
from the expansion orifice. Thus it should be possible 
to see substantial differences in kinetic energy distri- 
butions in sampling over the first centimeter from the 
capillary. It would be expected that within the first few 
millimeters of the capillary protein ions have not yet 
assumed supersonic velocities and the mass-tosharge 
ratio-dependent kin&@ energy contribution would not 
be large. In contrast, sampling at an increased dis- 
placement from the capillary would allow protein ions 
to achieve the isovelocity distribution of the solvent 
and consequently exhibit a significant mass-to-charge 
ratio-dependence in FTICR spectra acquired at differ- 
ent trap potential values. 
Presented in Figure 5 are retarding grid kinetic 
energy profiles for horse myoglobin acquired with a 
250 Km skimmer at a potential of 15 V and capillary- 
skimmer distances of 3.0 mm, 4.5 mm, and 10.5 mm. 
The data suggest several significant trends. First, ion 
kinetic energy increases as capillary-skimmer distance 
decreases. Second, under these conditions the contribu- 
tion of the ion expansion velocity to the total ion 
kinetic energy is smaller than the electric field contri- 
bution, which is confirmed by the 9.0 mm data in 
Figure 3 where the expansion only contributes 2.0 V 
compared to a contribution of 5.5 V from the skimmer 
potential. Additionally, as capillary-skimmer distance 
decreases, K,, increases. When using a 15 V skimmer 
potential, the ions sampled at 3.0 mm are trapped at a 
potential of 9.5 V and experience about 63% of the 
applied skimmer potential (Kerf = 0.63); the ions sam- 
pled at 10.5 mm are trapped at 5.5 V and experience 
only - 37% of the applied skimmer potential. 
These observations can be explained by evaluating 
the conditions experienced by the ions on either side of 
the skimmer as they progress along the beam path. 
Upon exiting the capillary, the ions experience an 
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Figure 4. Effect of applied skimmer potential on retarding grid 
derivative profiles for electrosprayed horse heart myoglobin with 
a 4.5 mm distance between capillary and skimmer and 250 urn 
diameter skimmer orifice. The skimmer potential was varied, as 
shown here, with voltages at (a) 3.5 V, (b) 4 V, (c) 5 V, and 
(d) 7 V. 
electric field due to the several hundred volts applied 
to the capillary. However, this potential was observed 
to have little effect on the kinetic energy achieved by 
the ions in this region [91. Evidently, the large collision 
rate in proximity to the capillary impedes any ion 
acceleration in the applied electric field. However, once 
the ions have penetrated the skier orifice, the 
effective electric field from the skimmer potential 
appears to be strongly dependent on the capillary- 
skimmer distance because pressures beyond the skim- 
mer increase with increasing capillary-skimmer dis- 
tances 191. One possible reason for the reduction in 
effective skimmer potential at larger capillary-skimmer 
displacements is that as the postskimmer pressure 
increases, the ions do not experience the full accelerat- 
ing field of the skimmer due to the increased number 
of collisions and the result is a smaller net kinetic 
energy from the applied skimmer potential. 
Summarizing the data in Figures 3, 4, and 5, if the 
capillary is positioned adjacent to the skimmer, the 
expansion is interrupted and ion velocity derived from 
the expansion is reduced. The substantial pressure in 
the region between capillary and skimmer prevents 
any ion acceleration from the applied field derived 
from the voltage difference between the capillary and 
skimmer. Therefore only the skimmer potential in the 
low pressure postskimmer region significantly affects 
ion kinetic energy. As the capillary-skimmer distance 
increases, the expansion contribution to the ion veloci- 
ties increases and ion kinetic energies exhibit a greater 
mass-to-charge ratio-dependence. In addition, as pres- 
sure in the postskimmer region increases, the effective 
field experienced upon exiting the skimmer region 
decreases. Thus the net effect of the skimmer potential 
is reduced at longer capillary-skimmer distances. 
Zen conformation eficts on ion trapping. There is con- 
siderable interest in probing the higher order structure 
of electrosprayed proteins and other biomolecules by 
mass spectrometry [34]. One intriguing possibility is 
that some degree of selection between different confor- 
mations of a protein might be feasible. We have al- 
ready observed that differences in ion kinetic energy 
can be used to selectively trap individual components 
of mixtures electrosprayed into the FTICR trapped ion 
cell [3]. The basis for discrimination of proteins with 
overlapping mass-to-charge ratio envelopes was that 
the effective field experienced due to the number of 
postskimmer collisions and the velocity achieved in 
the expansion would vary with the shape of the pro- 
teins. Thus it is conceivable that, provided sufficient 
resolution between kinetic energy distributions is 
achieved, different conformations of the same protein 
could be selectively trapped at different trap poten- 
tials. 
Evidence that conformational differences can be dis- 
tinguished is shown with the variable trapping profiles 
in Figure 6 for lysozyme in water, in both the closed 
form and in a more open form after reduction of the 
four disulfide linkages with 1,4-dithiothreitol. The 
J Am Sot Mass S&whom 1994,5,221-229 SELECllVfi ION DISTRIBWON GENERATION FOR ES1 227 
0.0 2.0 4.0 610 8.0 10.0 A.0 
potential ly) 
Figure 5. Bffect of cspilky-skimmer distance on retarding grid 
derivative profiles for electrasprayed horse heart myoglobm with 
a 15 V skimmer potential and 250 pm diameter skimmer orifice. 
The capillary-skimmer distance was varied, as shown here, with 
distances of 3 mm, 4.5 mm, and 10.5 mm. 
variable trapping profiles are specifically for the + 10 
charge state which is abundant in both open and 
closed forms. Mass-to-charge ratio-dependent effects 
were excluded by selecting the same charge state and a 
given nominal mass-to-charge ratio difference of ap- 
proximately 0.8 Da/z. The profiles indicate that the 
open form is preferentially trapped at about 0.4 V 
lower potential than the closed form. The lysozyme 
data for the open and closed forms were fit to eq I and 
are presented in Figure 7. The data indicate the open, 
denatured conformation of lysozyme has a greater 
velocity in the expansion, 359 m/s, than the closed 
form which has an expansion velocity of 288 m/s. In 
addition, the effective electric field experienced by the 
open conformer was 0.6 V less than that of the closed 
lysozyme ions. Qualitatively, these differences can be 
explained by the different experiences of the two con- 
80 3 
i 
20 
0 i 
1.5 2 2.5 3 3.5 
Irap potential (V) 
Figure 6. FTKR trapping profiles for open and closed forms of 
the + 10 charge state of lysozyme using Figure lb interface with 
capillary-skimmer distance of 4.5 mm and a 4.0 V skinner 
potential. At 2.2 V and 2.9 V, essentially pure forms of the open 
(m/z 1432.3) and closed (m/z 1431.5) conformations, respec- 
tively, could be selectively trapped in the FT’ICR cell. 
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Figure 7. Optimum trapping potentials for individual charge 
states of the open and closed forms of lysozyme using Figure lb 
interface with capillary-skimmer distance of 4.5 mm and a 4.0 V 
skimmer potential. The expansion conhibution to the ion velwi- 
ties, Vel, is derived from the slopes of each curve using eq 1, and 
ion energy derived from the effective electric field of the skim- 
mer potential, V,,, is obtained from the y-intercept. For the 
closed conformation, Vel = 288 f 21 m/s and V,, = 2.1 f 0.2 V. 
For the open confomwtion, Vel = 359 f 25 m/s and V, = 1.5 & 
0.3 V. (A t-test demonstratff that the two data sets are different 
at the 99% confidence level.) 
formations in the supersonic expansion. The open pr* 
tein conformation should possess an increased colli- 
sional cross-section, encounter more unidirectional col- 
lisions with solvent molecules in the expansion, and 
therefore achieve a greater velocity than attained by 
the smaller, closed conformation. However, the large 
collisional cross-section that causes an acceleration of 
the open conformation in the expansion also causes a 
large number of collisions in the postskimmer region. 
Because the open-conformation ions will encounter a 
greater number of collisions than the closed-conforma- 
tion ions, acceleration in the postskimmer electric field 
region will be more greatly hindered. Therefore, the 
open form of lysozyme will have a greater velocity in 
the expansion, but a smaller V,,. Conversely, the closed 
form of lysozyme experiences a smaller velocity in the 
expansion and a larger proportion of the applied skim- 
mer potential, resulting in a larger electric field contri- 
bution to its kinetic energy. 
Kinetic energy of ES1 / FTICR dissociation products. The 
possibility that multiply charged large biomolecules 
would be amenable to ion dissociation is of recent 
interest [35]. In one technique large desolvating capil- 
lary voltages are used to promote fragmentation of 
exiting electrospray ions to yield dissociation products 
[36]. However, if a difference in kinetic energy distri- 
butions exists for precursor and dissociation product 
ions, the resuhing mass-to-charge ratio discrimination 
in FTICR spectra would further complicate analysis. 
Therefore, we used the variable trapping and retarding 
grid techniques to investigate whether a difference in 
kinetic energy distributions exists for precursor and 
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The ability to reduce mass-to-charge ratio discrimina- 
tion in FTICR spectra should simplify analysis of large 
biomolecules and their dissociation products. 
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